ABSTRACT.-A significant portion of the stages of the life history of Botrychium, the gametophyte and juvenile sporophytes, are spent belowground. Surveys were conducted to determine the distribution and abundance of belowground gametophytes, juvenile sporophytes and gemmae of eight species of Botrychium. For each species, soil samples were collected in a 200 m 2 area, sifted through a series of soil sieves, and centrifuged to separate the lighter plant material. Only 40% of the soil samples contained belowground structures revealing a patchy distribution. The gametophytes of B. montanum are most dense, followed by B. mormo with 738 and 728 gametophytes m 12 respectively. Botrychium hesperium also has a relatively high density of 478 gametophytes m
The importance of propagule banks (also referred to as seed, spore, or diaspore banks) in community dynamics has long been recognized (Leck et al., 1989) for flowering plants. Propagules may persist belowground for many years, creating a secure reservoir from which aboveground plants can be reestablished following extinction during unfavorable environmental conditions. The propagule bank serves as a buffer against extinction during unfavorable environmental conditions as a reservoir of genes, and as such is an important factor in determining community dynamics.
Relatively few studies have documented the propagule banks of ferns. In previous studies, soil has been collected, and spread in containers in glasshouses to cultivate spores that may be present in the propagule bank (Dyer and Lindsay, 1992; During and ter Horst, 1983; Hamilton, 1988; Milberg, 1991; Schneller, 1988) . Three major trends have been noted. First, the density of fern gametophytes resulting from cultivation of spore banks is high, ranging from 57,000 spores m 12 (Milberg, 1991) to 5,000,000 m 12 (Schneller, 1988) . Second, the abundance of fern spores in the spore bank is a result of the longevity of spores and the long-term accumulation of spores (Dyer, 1994; Milberg, 1991) . Third, when comparing the belowground density of propagules (represented by germinated gametophytes) to the aboveground density of sporophytes, all previous studies have reported the remarkable lack of ferns present in the aboveground vegetation despite a belowground reservoir of spores. During and ter Horst (1983) , Leck and Simpson (1987) , Milberg (1991) , Raffaele (1996) , Rydgren and Hestmark (1997) and Strickler and Edgerton (1976) all found evidence of high densities of fern propagules where ferns were entirely absent from the aboveground vegetation.
Botrychium presents two problems in applying conventional propagule bank techniques. First is the difficulty and length of time required to culture Botrychium beyond germination (Whittier and Thomas, 1993) . Botrychium spores require darkness for germination, and in nature Botrychium gametophytes require mycorrhizae for growth beyond the two-or three-celled stage. Therefore, it is not possible to culture and quantify the propagules using standard seed bank techniques.
The second and more significant problem relates to the different life cycle of Botrychium, relatively little of which is visible aboveground (Fig. 1) . Plants produce spores that filter into the soil and germinate in darkness. Following germination, a belowground achlorophyllous, fleshy gametophyte is produced. The gametophyte produces gametangia and sexual reproduction occurs, resulting in a belowground juvenile sporophyte. The belowground rhizome is upright and short with mycorrhizal roots (no root hairs) and a single leaf-producing bud at the apex. It takes several years for this juvenile sporophyte to produce a leaf-bearing apex and emerge aboveground (JohnsonGroh et al., 1998) . The plants generally produce one leaf annually, but it is common for Botrychium plants to remain dormant belowground in a given year and produce no aboveground leaf (Johnson-Groh, 1997) .
In addition to these belowground stages, some species reproduce asexually via belowground gemmae, small (0.5-1 mm) propagules that can independently give rise to a new plant once detached from the parent plant (Farrar and Johnson-Groh, 1990) . Gemmae form on the rhizome and abscise at maturity. Upon germination, gemmae develop 4 or 5 short roots prior to the differentiation of a shoot apex and production of leaves (Farrar and JohnsonGroh, 1990 ). The first leaves formed are short and slender and do not reach the soil surface. The presence of vegetative reproduction greatly influences the population dynamics of these gemmiferous species. It is common in the field to see two or more leaves of gemmiferous Botrychium emerging in close proximity. Excavation of these clusters usually reveals a large number of belowground sporophytes in various stages of development.
The terms propagule bank and diaspore bank as used in other studies imply banks of structures that have been disseminated (e.g. seeds, spores). Except for gemmae, Botrychium gametophytes and sporophytes are not structures designed specifically to propagate or disseminate. Consequently the use of existing terms (propagule, diaspore, spore or seed bank) does not accurately describe the belowground structures of Botrychium. The term belowground structure bank, as used in this paper, includes all belowground structures: gemmae, gametophytes, juvenile plants and spores.
Long-term demographic studies (15 years) of Botrychium reveal that population numbers are quite variable (Johnson-Groh, 1997) . Aboveground Botrychium population numbers fluctuate independently within and between populations, as well as between years and between different sites. Fire, herbivory, herbicides, and timber harvests may have an immediate impact on the aboveground sporophytes (Johnson-Groh and Farrar, 1996) . However, the aboveground populations are fairly resilient and rebound following perturbations, although recovery may take several years.
Many species of Botrychium are considered rare. Several are listed as critical, threatened, or endangered (Minnesota Department of Natural Resources, 2002) . Understanding Botrychium population dynamics, including their belowground biology, is necessary to effectively manage these species. A more complete understanding of the belowground structure bank will allow prediction of the impact of various management regimes, such as fire or grazing, on these rare species.
The goal of this research was to investigate the belowground structure bank of several species of Botrychium. It seems likely that the belowground structures (gametophytes, juvenile sporophytes, gemmae and spores) play a key role in the population dynamics of Botrychium, and it is anticipated that the number of belowground structures should be at least as many as the number of aboveground plants.
MATERIALS AND METHODS
Sites for sampling the belowground populations of Botrychium were selected in areas that contained a typical density of aboveground plants (~50-400 plants in an area 200 m 2 ). A sampling grid resembling spokes of a wheel was established within each population, and samples were collected with a bulb planter at one-meter intervals along the six 8-meter spokes (Fig. 2) . In addition to the 48 spoke samples, a sample was collected from the middle. A bulb planter (5-cm diameter) assured a uniform sample volume of approximately 200 cm 3 for each sample. Distance from each sample to the nearest aboveground plant, aboveground population density, and notes on the vegetation and general ecology were recorded.
Soil samples were collected during the summers of 1988 to 1999 from a variety of sites; these were processed the following academic years (Table 1) . Seven species of Botrychium subg. Botrychium were investigated: Botry-
An eighth species, Botrychium virginianum (L.) Sw. from subg. Osmundopteris, was surveyed from two different sites. Because Botrychium typically grows in mixed species assemblages, it is difficult to locate populations of only one species. The sites sampled for B. campestre, B. hesperium, and B. virginianum consisted only of those species, respectively. All other sites contained more than one species. In all cases, the named species was the dominant species (>75% of aboveground Botrychium).
Soil samples were processed using centrifugation, which allows the lighter plant material to be extracted for examination under the microscope (Mason and Farrar, 1989) . The soil sample was broken up and washed through a series of soil sieves where larger roots and debris were removed. The sediment was collected and root segments dyed in neutral red and cut to the approximate size of Botrychium gemmae (0.5 mm) were added to the sediment to gauge the success of the procedure. Samples were sieved in successively finer sieves and then centrifuged first in water and then in sucrose solutions. Centrifugation separated the belowground structures from the denser soil particles. The first centrifugation caused dead organic matter to float to the top of the tube, leaving living organic matter and stained roots in the pellet. A second centrifugation in sucrose caused the living material to float.
The decanted liquid containing Botrychium plants was examined under the microscope for gemmae, gametophytes, sporophytes, and stained root segments. Gametophytes were usually small (<1 mm) and irregularly shaped, and could be identified by the presence of rhizoids, antheridia, and archegonia. Juvenile sporophytes represented a continuum of development following the formation of the embryo (still attached to the gametophyte) through the development of a mature plant. Except for very young sporophytes, all juveniles had roots that were succulent and lacked root hairs. Very young sporophytes, here referred to as embryos, were small (<1 mm), spherical to irregular in shape, lacked rhizoids, and, when detached from the gametophyte, had a relatively large scar where they had been attached. Gemmae likewise represented a continuum of development following their formation. At abscission, gemmae were spherical and small (0.5-1 mm). As gemmae began to elongate and form roots, it was impossible to distinguish them from juvenile sporophytes originating from a gametophyte. Examination of rhizomes of mature leaf-bearing plants determined which species regularly produce gemmae.
RESULTS AND DISCUSSION
Results of the belowground analysis are shown in Three of the surveyed species are known to produce gemmae (B. campestre, B. hesperium, and B. gallicomontanum). For those species that produce gemmae, the density ranged from 5,907 gemmae m 12 for B. campestre to 21 m 12 for B. hesperium (Table 3) . Gemmae, or gemma-like structures, were also found in samples in which the dominant species does not produce gemmae. For example, B. lanceolatum does not produce gemmae, but gemmae were found in the samples. Two associated species, B. minganense and B. pedunculosum, were also found at the B. lanceolatum site and are known to produce sparse gemmae, so it is possible that the gemmae extracted belong to these associated species. (It is impossible to distinguish belowground structures of species except sometimes through absence or presence of gemmae.) Botrychium yaaxudakeit also does not produce gemmae, and it is likely that the gemmae found in this survey were from B. ascendens, which produces numerous gemmae, or even B. minganense, which produces few gemmae.
The high number of gemmae in B. lanceolatum may also be due to a peculiar behavior observed in this species of expelling the embryo from the gametophyte. Embryos appear to be ''ejected'' through the degeneration of surrounding gametophyte tissue at a stage very similar in size and morphology to gemmae produced in other species. This behavior may allow production of multiple embryos per gametophyte, increasing the total production of sporophytes. Further investigations of this behavior are underway.
There is large variation (4-65%) among species with regard to their frequency in the soil samples. Whether this is due to natural variation among species in response to environmental differences (e.g., Botrychium campestre may naturally have a lower frequency than B. hesperium) or to chance is not easy to resolve. Two technical problems prohibit easy resolution of this. First, centrifugation and microscopic techniques used for this investigation See discussion for explanation of ''gemmae'' in soil samples for non-gemmiferous species.
are extremely labor-intensive, thereby precluding multiple repetitions of the same species. Second, although the sampling technique used for this study is nominally disruptive, it is prudent to minimize excessive disturbance of rare Botrychium species. For the latter reason, B. virginianum (which is not rare) was included in this survey (despite its position in a different subgenus) and was sampled twice. These samples reveal a high degree of consistency, with nearly identical belowground structure banks, even though the sites surveyed were more than 300 miles apart. It is also likely that the frequency differences among species are increased by the patchy distribution of Botrychium and the probability of sampling those patches. Distributions of plants result from factors of dispersal, survivorship, and habitat heterogeneity. Because the distribution of aboveground plants is patchy the same might be expected belowground. The random chance of sampling a dense patch could account for the variation between species.
SPORES.-Although it is difficult to determine the presence of Botrychium spores in the soil, other spore bank studies have shown high diversity and abundance of fern spores that persist in the soil for many years (Dyer, 1994; Milberg, 1991) . It is reasonable to assume that there is a long-lived bank of Botrychium spores. This bank is in constant turnover, receiving a variable annual input of spores and losing spores to predation, loss of viability, and other environmental perturbations.
Annual spore production is the primary means of restocking the spore bank. Spore production, however, can be expected to vary from year to year, depending on the number of aboveground plants and their development in any given year. Johnson-Groh and Lee (in press) found that only 55% of B. gallicomontanum and 39% of B. mormo produced spores in 1996. The remainder of the plants senesced prior to spore production. Similar results have been found for other species (Cabin and Marshall, 2000; Houle, 1998; Kalisz, 1991; Raffaele, 1996) . Houle (1998) found temporal differences in the seed rain for Betula alleghaniensis and seedling establishment, but a con- Compounding the variable numbers of spores added annually to the propagule bank is the limited dispersal of spores. It is unknown how widespread moonwort spores disperse but based on the work of Peck et al. (1990) on Botrychium virginianum we can conclude that most spores disperse within 5 m or less. Dyer (1994) found that the largest spore banks occurred in samples taken immediately below ferns and that at a distance of 2 m away from the spore source, the spore bank was notably smaller. It seems likely that a few spores may become airborne and disperse farther. Because of the ability of Botrychium gametophytes to self-fertilize, it is reasonable to expect that a single spore is capable of dispersing and establishing a new population .
Over time, a sizeable Botrychium spore bank is established in the soil. Botrychium spores likely remain viable for long periods of time, as do many other ferns (Lloyd and Klekowski, 1970; Miller, 1968; Sussman, 1965; Windham et al., 1986) . These spores are probably dormant until conditions (moisture and mycorrhizae) are adequate, at which time many or all the spores in that localized area germinate and develop.
JUVENILE RECRUITMENT AND SURVIVORSHIP.-Unlike most other flowering plants or ferns, the juvenile sporophyte stages of Botrychium remain belowground for a number of years. The belowground recruitment of gametophytes and juvenile sporophytes therefore can be compared to seedling or sporeling recruitment aboveground for flowering plants and most ferns. As with other plants, juvenile mortality is probably significant for Botrychium. With one exception (B. campestre), the gametophyte density exceeds the juvenile sporophyte density (Table 2) . Likewise, in most cases the belowground density exceeds the density of aboveground sporophytes. Mortality (defined as the proportional change between stages) is greatest (93% for all species) between the juvenile sporophyte stage and emergent sporophytes. There is an average of 73% mortality between the gametophyte and juvenile sporophyte stages. This high juvenile mortality is common among many plants. If similar high mortality (95%) occurs between the spore and gametophyte stages, we can predict an average minimum spore density of approximately 6,000 spores m 12 . Botrychium montanum and B. mormo have the highest predicted spore densities of 15,000 spores m 12 ; B. virginianum and B. gallicomontanum have the lowest at 100 m 12 . This is considerably lower than 5,000,000 m 12 estimated by Hamilton (1988) for two species of Athyrium or even 57,000 m 12 estimated by Milberg (1991) for grassland soil. This estimate is also lower than the estimate of 100,000 spores m 12 made by Johnson-Groh et al. (1998) for B. mormo. Given the need for mycorrhizal infection following germination, mortality at this stage is probably very high, and it is reasonable to expect high spore densities within Botrychium populations.
Species with gemmae (B. campestre, B. gallicomontanum) have a higher total belowground density than those without gemmae. Like spores, gemmae, once detached from the parent plant, require mycorrhizae for further development. Farrar and Johnson-Groh (1990) found relatively few gemmae that contained mycorrhizae, which could explain the low number of developing gemmae relative to the number of gemmae produced. (Gemmae obtain mycelia through their connection with the parent rhizome; if unsuccessful, they remain dormant.) The primary role of gemmae may be to maintain the population in a microsite that has already proven successful. The frequent occurrence of multiple stems within a small-localized area (1-4 cm 2 ) suggests that gemmae are effective in local propagation. Dispersal beyond a short distance is limited, as evidenced by the low frequency of the highly gemmiferous species (B. campestre, B. gallicomontanum).
Species that produce profuse gemmae produce the lowest number of gametophytes (B. campestre, B. gallicomontanum). Gemmae, a form of asexual reproduction, produce essentially the same genetic product that a selfing gametophyte produces. The advantage of gemma production is the positioning for immediate success (mycorrhizae present). A greater reliance on reproduction via spores and gametophytes by most species and the higher disperability of spores undoubtedly accounts for the higher frequencies in soil samples of the non-gemmiferous species. The advantage of spore-gametophyte production allows dispersal to new sites, thereby insuring that ''assets are diversified,'' which may provide a long-term advantage to the species. To draw further from investment analogies, gemmae are short-term investments with immediate returns, whereas spores are long-term investments with greater evolutionary payback. SOIL HETEROGENEITY.-Variations in microtopography, microclimate, parent material, mycorrhizae, and microorganisms all influence soil heterogeneity (Stark, 1994) , creating a patchy environment. Because the spatial scale is very small, conditions merely a few centimeters away may not be sufficient to induce germination, thus creating a patchy distribution of plants.
Of these variable factors, mycorrhizae are probably the most important for Botrychium. Moonworts require endophytic mycorrhizae for gametophyte and sporophyte development and are dependent on mycorrhizae as a significant source of carbohydrate, minerals, and water. This observation is based on several peculiar behaviors. First, similar to orchids, moonworts do not emerge every year. They frequently fail to emerge for one to three consecutive years, with no subsequent decrease in size or other negative effects . Second, ''albino'' botrychiums have been observed. Another indication that Botrychium depends relatively little on its own leaves for photosynthesis is the observation that these leaves frequently do not emerge above the litter. In fact only a small proportion of the total population of some species actually emerges from the litter . Herbivory and loss of leaves through fire do not affect the size and vigor of plants in the subsequent year . Finally, if roots and leaves of juvenile plants are produced one per year, as in adults, 5-8 years may be required for development from gametophyte to a mature sporophyte with an emergent photosynthetic leaf . Juvenile plants must rely on mycorrhizae for carbohydrates. Thus, although there has been no physiological studies to confirm this, it seems certain that moonworts (Botrychium subg. Botrychium) may depend largely on mycorrhizae for carbon from other plants, in addition to that produced by their own photosynthesis.
If photosynthesis is not critical for this subgenus and mycorrhizae are primarily responsible for overall energy budget, then understanding the belowground biology of Botrychium is imperative. Indeed, assumptions made about the population biology of other ferns may be irrelevant to Botrychium. Health of the mycorrhizal connection may determine juvenile recruitment and survivorship, and Botrychium populations may appear or disappear in accordance with mycorrhizal health.
Mycorrhizae play an important role in nutrient acquisition. This may be especially important for Botrychium because of the inability of its roots to forage. Root-foraging has been observed in flowering plants (Caldwell, 1994) . It allows them to respond to small-scale nutrient patches. However, Botrychium roots are relatively few (5-30/plant), do not have root hairs, and do not appear to have the morphological plasticity to forage for small-scale patches of soil nutrients. Typically roots extend almost perfectly horizontally for their entire length (3-20 cm). Only occasionally are roots observed to abruptly bend in another direction. Tibbet (2000) argued that mycorrhizae are especially important for roots that do not have the morphological plasticity to respond to small-scale nutrient patches. Mycelia rapidly colonize patches of soil nutrients, making them ideal foraging instruments of the autotroph. In Botrychium it seems highly probable that its mycorrhizal mycelia are more important than root proliferation in nutrient acquisition.
Botrychium species that have high belowground densities generally have high aboveground population densities. Botrychium campestre, B. gallicomontanum, and B. mormo have the highest below-and aboveground densities. Botrychium virginianum has a relatively low below-and aboveground density. The ratio of belowground to aboveground plants ranges from 65:1 in B. mormo to 914:1 in the gemmiferous B. campestre.
For each species in this study, a relatively small volume of soil (962 cm 2 ) was sampled across a large spatial grid (201 m 2 ). Estimations of density are derived from these results. The patchy distribution and inability to sample large volumes of soil make it difficult to determine precise belowground populations. The opposite approach of intensively and completely surveying both above-and belowground in a small area is currently being investigated for B. virginianum and B. campestre. Preliminary results indicate that the belowground density in a small patch is several times the aboveground density.
Despite the difficulty of making direct comparisons below-and aboveground, in all cases it is readily apparent that belowground structures are much more abundant than aboveground plants. Sizeable reservoirs of belowground structures are extremely important to the population dynamics of Botrychium and serve to replenish the populations following environmental perturbations. Because moonworts often remain dormant in any given season, they are essentially protected belowground and can easily withstand dry years, fires, herbivory, or other aboveground disturbances. Despite highly variable aboveground populations, belowground stages provide Botrychium populations with a high degree of buffering against local extinction. The belowground structure bank is a reserve of plants in various stages that can eventually produce an aboveground population, regardless of past aboveground perturbations. Dyer (1994) noted the importance of fern propagule banks to the conservation of fern species. Reintroducing or augmenting populations from the spore bank broadens the options available for many species. Whereas it is difficult to manipulate Botrychium belowground structure banks, it is important to recognize the importance of these banks to the overall population dynamics. Modeled Botrychium populations (Johnson-Groh et al., 1998) predict greater stability of populations than would be concluded from monitoring only aboveground plants. This resiliency is a result of the large belowground reserve of gametophytes and juvenile sporophytes capable of regenerating the population. The long-term impact of environmental perturbations on populations is buffered by a large bank of belowground structures.
